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METHOD AND APPARATUS FOR 
TRANSMITTING MULTIPLE CHANNELS IN 
A WAVELENGTH DIVISION MULTIPLEXED 

(WDM) OPTICAL COMMUNICATION 
SYSTEM WITH REDUCED RAMAN 
CROSSTALK AND NONLINEAR 

DISTORTIONS 

FIELD OF THE INVENTION 

[0001] The invention relates generally to the transmission 
of multiple communication channels using Wavelength divi 
sion multiplexed (WDM) optical signals. More particularly, 
the invention relates to an improved method and apparatus 
Which utiliZes destructive interference to further reduce 
Raman induced crosstalk and nonlinear signal distortions 
betWeen the optical channels. 

BACKGROUND OF THE INVENTION 

[0002] MSOs (multi-service operators) provide several ser 
vices to end users through a ?ber optic network, With the ?nal 
connection to the user through a coaxial connection. The 
services provided by the MSO typically include broadcast 
analog video and narroW cast digital services, such as data, 
VoIP, subscription, pay per vieW and video on demand (V OD) 
services. The services are generally allocated a portion of an 
optical channel, Which typically has approximately 1 GHZ 
bandWidth available. While the bandWidth of a channel is 
generally constrained by the netWork (including, e.g., the 
analog optical transmitters and receivers, and the coaxial 
connection), the number of users connected to the netWork 
continues to increase, Which together With the neW broadband 
services require increased demand for bandWidth for the 
desired services. 
[0003] In recent years Wavelength division multiplexed 
(WDM) optical transmission systems have been increasingly 
deployed in optical netWorks to meet the increased demand 
for bandWidth by providing more than one optical channel 
over the same optical ?ber. The WDM techniques include 
coarse Wavelength division multiplexed (CWDM) and dense 
Wavelength division multiplexed (DWDM) systems. Whether 
a system is considered to be CWDM or DWDM simply 
depends upon the optical frequency spacing of the channels 
utiliZed in the system. 
[0004] FIGS. 3 and 4 shoW simpli?ed block diagrams of 
conventional WDM transmission arrangements. As illus 
trated in FIG. 3, data or other information-bearing signals S1, 
S2, S3 and S4 are respectively applied to the inputs of modu 
lators 2101, 2102, 2103, and 2104. The modulators 2101, 
2102, 2103, and 2104, in turn, drive lasers 2121, 2122, 2123, 
and 2124, respectively. The lasers 2121, 2122, 2123, and 
2124 generate data modulated optical channels at Wave 
lengths k1, k2, k3 and k4, respectively, Where }\.4>>\.3 >7t2 >}\,1. 
A Wavelength division multiplexer (WDM) 214 receives the 
optical channels and combines them to form a WDM optical 
signal that is then forWarded onto a single optical transmis 
sion path 240. 
[0005] As illustrated in FIG. 4, digital signals, Which may 
consist of broadcast and narroWcast signals, may be RF fre 
quency multiplexed into the signal band. The digital signals 
are normally much loWer in amplitude than broadcast analog 
video signals. The arrangement of sending the same broad 
cast signal and different narroWcast signals over multiple 
Wavelengths (WDM) is a means of providing more segmen 
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tation in an optical netWork. As illustrated in FIG. 4, an RF 
splitter 216 splits the broadcast signal among the lasers 2121, 
2122, 2123, and 2124. As shoWn, the lasers 212 each receive 
a different narroWcast signal. The Wavelengths carrying the 
combined broadcast and individual narroW cast signals, k1, 
k2, k3 and k4, respectively, are optically multiplexed onto 
optical ?ber 240. 
[0006] Although WDM optical transmission systems have 
increased the speed and capacity of optical netWorks, the 
performance of such systems is limited by various factors 
such as chromatic dispersion and the ?ber nonlinearity, Which 
can cause, for example, pulse shape change in the case of 
baseband digital signals and distortions in case of analog 
signals. These impairments degrade the quality of the opti 
cally transmitted information. Fiber nonlinearities, for 
example, can give rise to crosstalk betWeen optical signals 
operating at different Wavelengths. When crosstalk occurs, 
modulation components of one signal are superimposed on 
another signal at a different Wavelength. If the level of 
crosstalk is suf?ciently large it Will corrupt the information 
being transmitted by the optical signals impacted by this 
impairment. 
[0007] One common cause of crosstalk, in an optical ?ber 
communication system With multiple Wavelengths, is Raman 
scattering. This type of crosstalk is caused by stimulated 
Raman scattering (SRS) in silica ?bers (and other materials) 
When a pump Wave co -propagates With a signal Wave through 
the same ?ber. Stimulated Raman scattering is an inelastic 
scattering process in Which an incident pump photon loses its 
energy to create another photon of reduced energy at a loWer 
frequency. The remaining energy is absorbed by the ?ber 
medium in the form of molecular vibrations (i.e. optical 
phonons) FIG. (1) is a schematic diagram of the stimulated 
Raman scattering process. FIG. 1 illustrates a pump photon 
scattering in the Raman media. As a result of the scattering 
event the pump photon is annihilated and a neW signal photon 
at the Stokes frequency is created along With an optical 
phonon at the Stokes shift frequency. Both energy and 
momentum are conserved: 

h“) : hmsignafl' hmop phonon and h k 

Where uux is the frequency of x and kx is the associated 
Wavevector of x and his Planck’s constant divided by 2st. 
[0008] FIG. 2 shoWs hoW the transfer of energy from 
Raman gain gives rise to crosstalk. FIG. 2 is a simpli?ed 
illustration that is useful in facilitating an understanding of 
Raman crosstalk betWeen tWo optical channels or signals Si 
and Sj, Where Sj is at a longer Wavelength than Si. FIG. 2A 
shoWs the signal Si and FIG. 2B shoWs the signal Sj. For 
simplicity of illustration Sj is shoWn as a signal With constant 
amplitude (i.e. a continuous string of Zeros or ones in the case 
of baseband digital modulation). As indicated in FIG. 2C, the 
pattern of signal Si (dashed line) is impressed on the signal Sj 
by the process of Raman ampli?cation. In other Words, signal 
Sj noW includes as one of its components the pattern of signal 
Si. LikeWise, since signal Si is pumping the signal Sj, the 
pattern of signal Sj (had it been modulated) Would be 
impressed upon the pump Si by the process of pump deple 
tion. 
[0009] In addition to the generation of unWanted crosstalk 
the SRS process can also lead to the generation of Raman 
induced second order (CSO: composite second order) and 
third order (CTB: composite triple beat) distortions. These 
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distortions occur as result of the nonlinear nature of the 
Raman ampli?cation process Which, in the undepleted 
regime, is exponential in form. 
[0010] Further, the Raman induced crosstalk and nonlinear 
distortions are more pronounced When the Wavelengths are 
located near the Zero dispersion Wavelength of the optical 
transmission media through Which the signals are co-propa 
gating (i.e. the optical ?ber). In the case of a near Zero dis 
persion system the optical pump and signal Waves are propa 
gating at nearly identical group velocities through the media. 
The Zero dispersion Wavelength of a transmission media 
refers to the Wavelength at Which an optical signal Will have 
no change in (inverse) group velocity With respect to changes 
in its optical frequency. The Zero dispersion Wavelength dif 
fers for different transmission media. In this case, the relative 
positions of the Waves With respect to one another Will remain 
nearly ?xed throughout the length of the transmission media. 
Thus, if the signals Si and Sj are at or near the Zero dispersion 
Wavelength, they Will largely maintain their relative phase 
With respect to one another. Hence, With very little Walk-off 
occurring betWeen the optical channels the Raman induced 
crosstalk and distortions can build up along the ?ber in a 
constructive manner. The dispersion Will generally increase 
as the Wavelength difference betWeen the optical signal Wave 
length and the Zero dispersion Wavelength increases. If the 
signals Si and Sj are located at Wavelengths far displaced from 
the Zero dispersion Wavelength, their relative phases Will 
change as they propagate doWn the transmission path. The 
levels of Raman induced crosstalk and distortions are much 
loWer in the nonZero dispersion scenario because, as the sig 
nals Walk aWay from one another, it becomes more dif?cult 
for the crosstalk and distortions to build up constructively 
along the ?ber length. 
[0011] With reference again to FIGS. 3 and 4, Raman 
crosstalk may occur among the optical channels k1, k2, k3 
and k4. Raman interactions cause both crosstalk and second 
order distortions (third order distortions are generally smaller 
than second order distortions) on each optical channel. In 
general, the analog signal formats are typically more suscep 
tible to impairment corruption than the digital signal formats. 
[0012] The Widely used optical Wavelengths in a typical 
CATV application, eg around 1310 nm, exhibit little relative 
dispersion betWeen adjacent ITU frequencies, and hence are 
particularly affected by the SRS and some other ?ber nonlin 
earity effects When used in a WDM system. Moreover, a 
typical CATV application also uses a single laser to transmit 
both the broadcast signal and the narroWcast signal. As a 
result, in order to meet the increased demand for additional 
bandWidth, CATV MSOs may be required to install more 
optical ?ber to carry additional channels, and then segment 
their subscriber base betWeen the neWly installed optical ?ber 
and the existing ?ber. HoWever, this approach requires a 
signi?cant capital investment for the MSOs and often nego 
tiation of additional access rights to install the optical ?ber. 
Alternatively, the CATV MSOs may use WDM technologies. 
In order to implement WDM technologies the signal degra 
dations caused by the ?ber nonlinearities, such as Raman 
crosstalk, need to be overcome Within the traditional Wave 
length WindoW, around 1310 nm. The MSO’s may use other 
Wavelengths Which are less affected by SRS and the other 
?ber nonlinearities, eg 1550 nm. HoWever use of these 
Wavelengths require more expensive optical components, eg 
lasers, dispersion compensators and nodes. This also requires 
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signi?cant changes to their existing optical netWorks, in addi 
tion to a signi?cant capital investment. 
[0013] Accordingly, it is desirable to have a method and 
apparatus for reducing the levels of Raman induced crosstalk 
and distortions that arises among the individual channels 
comprising a WDM optical system. This is particularly true in 
the case of a system utiliZing optical channels that are located 
near the Zero dispersion Wavelength of the transmission 
medium, and also, in the case of Wavelength division multi 
plexed systems, channels that are operated aWay from the 
Zero dispersion Wavelength. The method and apparatus 
described herein utiliZes destructive interference amongst 
coherently related signals. In this case the coherence comes 
about as result of identical modulation information being 
imparted upon the various optical carriers in the system. 

SUMMARY OF THE INVENTION 

[0014] In accordance With the principles of the invention, a 
method of transmitting a WDM optical signal may comprise 
the step of: modulating a plurality of optical channels that are 
each located at a different Wavelength from one another With 
a respective one of a plurality of information-bearing broad 
cast signals that all embody the same broadcast information, 
at least one of the broadcast signals being out of phase With 
respect to remaining ones of the plurality of broadcast sig 
nals; applying a phase adjustment to one or more of the 
broadcast signals or one or more of the optical channels; 
multiplexing each of the optical channels to form a WDM 
optical signal; and forwarding the WDM optical signal onto 
an optical transmission path. The method may further com 
prise applying a phase shift to at least one of the plurality of 
broadcast signals relative to the remaining ones of the plural 
ity of broadcast signals so that the one broadcast signal is out 
of phase With respect to the remaining broadcast signals. The 
method may further comprise applying another phase shift to 
selected ones of the plurality of broadcast signals so that the 
optical channels modulated thereby have contributions to 
Raman crosstalk at a selected one of the optical channels that 
are diminished by contributions to Raman crosstalk from 
optical channels that do not undergo a phase shift. In the 
method, the step of modulating a plurality of optical channels 
may further include combining a narroWcast signal With each 
broadcast signal prior to modulating. In the method the Wave 
lengths may be sequential or non-sequential Wavelengths. In 
the method, the optical channels may be located at Wave 
lengths at or near a Zero dispersion Wavelength of the trans 
mission path. Alternatively, the optical channels may also be 
located at Wavelengths aWay from the Zero dispersion Wave 
length. 
[0015] In accordance With the principles of the invention a 
WDM optical transmitter may comprise: a plurality of optical 
sources for generating optical channels located at different 
Wavelengths; a plurality of modulators each having an input 
for receiving a respective one of a plurality of information 
bearing broadcast signals that all embody the same broadcast 
information, each modulator being associated With a respec 
tive one of the plurality of optical sources to thereby provide 
a plurality of modulated optical channels; at least one phase 
shifter for establishing an out-of-phase relationship betWeen 
at least one of the plurality of broadcast signals and remaining 
ones of the plurality of broadcast signals such that Raman 
impairments are reduced; a phase adjustor for causing adjust 
ment of a phase of at least one of the plurality of modulated 
optical channels so that Raman impairments are further 
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reduced; and a multiplexer coupled to the plurality of optical 
sources to receive and combine the modulated optical chan 
nels to produce a multiplexed optical signal, In the apparatus 
of the invention, the phase shifter may be con?gured to apply 
a phase shift of 180 degrees to the at least one of the plurality 
of broadcast signals relative to the remaining ones of the 
plurality of broadcast signals. In the apparatus the optical 
channels may be located at Wavelengths at or near a Zero 
dispersion Wavelength of an optical transmission path into 
Which the optical signal is to be transmitted or off from the 
Zero dispersion Wavelength. The apparatus may further 
include a phase controlling element, such as a cut length of 
optical ?ber or RF cable, Which equaliZes the paths of the 
modulated optical channels so that the modulation signals of 
at least one of the modulated optical channels is out of phase 
With respect to those of the remaining modulated optical 
channels at the output of the multiplexer or on the transmis 
sion optical ?ber to Which the multiplexer is coupled. In the 
apparatus, the plurality of modulator may include modulators 
Which directly or externally modulate a laser transmitter With 
the broadcast signals and narroWcast signals on an optical 
channel. 
[001 6] A method and apparatus is provided for transmitting 
a WDM optical signal. The method begins by modulating a 
plurality of optical channels that are each located at a different 
Wavelength from one another. Each of the plurality of optical 
channels, Which may be an even or odd number of channels, 
is modulated With a respective one of a plurality of informa 
tion-bearing broadcast signals that all embody the same 
broadcast information. The plurality of information bearing 
broadcast signals is prepared in a manner such that their 
phases alternate betWeen 0 and 180 degrees (i.e. 0 and at 
radians) With respect to one another at the output of the 
multiplexer prior to being applied as modulation Further 
more, each of the plurality of optical channels may have 
imparted upon them an additional information bearing modu 
lation that is unique and speci?c to each optical channel. The 
narroWcast modulation on any one of the optical channels is 
generally uncorrelated With the narroWcast modulation infor 
mation being transmitted any of the other optical channels in 
the system. Each of the plurality of modulated optical chan 
nels is then multiplexed to form a WDM optical signal. 
[0017] The optical signal paths starting from the individual 
outputs of the plurality of optical channel sources (e. g., 
lasers) to the output of the multiplexer are intentionally con 
structed in such a manner so as not to impart any additional 
erroneous relative phase shifts upon the plurality of modulat 
ing broadcast signals. The combined WDM optical signal is 
then forWarded onto an optical transmission path. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a schematic diagram illustrating the stimu 
lated Raman scattering process. 
[0019] FIGS. 2A and 2B shoW signals Si and Sj, respec 
tively, and FIG. 2C shoWs signal Si pumping signal Sj, for the 
purpose of facilitating an understanding of Raman crosstalk. 
[0020] FIG. 3 shoWs a simpli?ed block diagram of a con 
ventional WDM transmission arrangement. 
[0021] FIG. 4 illustrates a typical WDM transmitter for 
common broadcast and different narroWcast transmissions in 
CATV transmission systems. 
[0022] FIGS. 5A and 5B illustrate alternative examples of a 
WDM transmitter. 
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[0023] FIGS. 6A-D illustrate the interaction of Raman 
induced interference by adjusting the phase of the optical 
signals. 
[0024] FIG. 7 is a ?owchart shoWing one example of the 
method performed by the transmitter arrangement depicted in 
FIG. 5. 

DETAILED DESCRIPTION 

[0025] The present invention describes an arrangement 
Which alloWs an MSO to increase the capacity of an optical 
netWork by enabling use of a WDM system. The method and 
apparatus described herein utiliZes destructive interference 
among coherently related signals. In this case the coherence 
comes about as result of identical modulation information 
being imparted upon the various optical carriers in the sys 
tem. 

[0026] A discussion of reducing Raman crosstalk is pro 
vided in commonly assigned by the same inventors U.S. Ser. 
No. 11/612,832 ?led on Dec. 19, 2006 titled “Method And 
Apparatus For Reducing Crosstalk And Nonlinear Distor 
tions Induced By Raman Interactions In A Wavelength Divi 
sion Multiplexed (WDM) Optical Communication System,” 
incorporated herein by reference in its entirety. 
[0027] The inventors have recogniZed that the Raman 
induced interference and CSO problems can be overcome in 
a simple approach by transmitting an odd number of optical 
channels in a manner Which introduces destructive interfer 
ence into the Raman induced impairments from the other 
channels. More particularly, the invention enables adjusting 
the phases of the separate channels With respect to one 
another. Speci?cally, Raman crosstalk and the induced CSO 
distortions can be reduced by alternating the phase of the 
signals by 180 degrees With respect to others of the signals. 
[0028] The present inventors have also realiZed that the 
Raman induced interference and CSO problems could be 
overcome in a simple approach also by introducing destruc 
tive interference into the Raman induced impairments from 
the other channels. More particularly, the invention enables 
adjusting the phases of the separate channels With respect to 
one another. Speci?cally, Raman crosstalk and the induced 
CSO distortions can be reduced by alternating the phase of the 
signals by 180 degrees With respect to others of the signals. A 
discussion of reducing Raman crosstalk in this manner is 
provided in commonly assigned by the same inventors U.S. 
Ser. No. 11/697,071 titled “MethodAndApparatus For Trans 
mitting Multiple Channels In A Wavelength Division Multi 
plexed (WDM) Optical Communication System With 
Reduced Raman Crosstalk And Nonlinear Distortions.” 
[0029] The inventors have noW further realiZed that addi 
tional reductions in Raman induced crosstalk and CSO dis 
tortions can be achieved by introducing an addition phase 
shift to some of the channels Speci?cally, Raman crosstalk 
and the induced CSO distortions can be further reduced by 
introducing some additional phase change to at least one of 
the existing signals Whose phase Was initially alternated With 
180 degrees With respect to others of the signals. This 
approach further reduces the Raman induced interference and 
CSO distortions for WDM systems not only When an odd 
number of optical channels are employed, but also When an 
even number of optical channels are employed. The folloWing 
guidelines and examples that are discussed in connection 
With Wavelengths }\.1->\.4 are presented by Way of illustration 
only and should not be construed as a limitation on the inven 
tion. 
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[0030] FIG. 5A illustrates an exemplary arrangement for a 
transmission system in accordance With the principles of the 
invention. While an even number of laser transmitters 410 is 
illustrated in FIG. 5A, it should be noted that an odd number 
of laser transmitters 410 may be employed as Well. In this 
illustrative implementation, an RF broadcast signal is 
received at broadcast signal unit 402 and RF narroW cast 
signals are received at narroW cast signal units 404. Those of 
skill in the art Will appreciate that broadcast signal unit 402 
and narroWcast signal unit 404 are merely illustrated as sepa 
rate units for discussion purposes and may take on any suit 
able forrn. The broadcast signal is split and provided to RF 
phase shifters or phase assignment units 406, Which are asso 
ciated With each respective channel, e.g. RF phase assign 
ment units 406 provides a phase of 180 degrees or Zero 
degrees to each broadcast signal. More particularly, the phase 
of 180 degrees may be provided to every other broadcast 
signal, eg to the odd numbered channels. In this manner, 
each of the adjacent channels preferably have a 180 degrees 
phase shift. Alternatively, the phase assignment may be pro 
vided to the even number of channels. In yet other implemen 
tations, the 180 degree phase assignment may be provided to 
an arbitrary subset of the channels so that least one channel is 
out of phase With respect to the remaining channels. Those of 
skill Will appreciate that the phase assignment can be 
achieved through a variety other techniques, such as modu 
lating external modulators, Which are biased at different 
operational points, With the split in-phase broadcast signals, 
an ampli?cation stage, an optical phase modulator, etc. In 
addition, the phase assignment provided to each broadcast 
signal may be achieved using multiple phase shifters or 
assignment units Which each impart a portion of the total 
phase shift that is to be applied. If multiple phase assignment 
units are employed, they may be distributed at various points 
in the transmitter betWeen the signal units 402 and 404 and the 
multiplexer 413. In some implementations the phase assign 
ment unit or units may be arranged as a physically separate 
unit from the remaining components in the transmitter. 
[0031] After undergoing a 0 degree or 180 degree phase 
assignment each of the RF broadcast signals is provided to a 
phase adj ustor 407. In some implementations the phase adj us 
tors 407 may be simply an RF or optical delay line of appro 
priate length. Alternatively, the phase adjustor may be a phase 
shifter or the like. 

[0032] Each of the RF broadcast signals and an associated 
RF narroW cast signals are provided to one of the RF modu 
lators 408. The modulators 408, in turn, drive lasers 410 to 
produce channels 1-4 at Wavelengths k1-7t4, respectively. In a 
preferred implementation, the lasers 410 are selected to trans 
mit at sequential Wavelengths in the ITU standard, eg 1270 
nm, 1290 nm, 1310 nm, 1330 nm, 1350, etc., although of 
course the lasers 410 may transmit at other, non-ITU Wave 
lengths as Well. By using sequential Wavelengths (e.g. 
sequential optical channels), the relative dispersion betWeen 
the optical channels (eg between k1-7t2) is at a minimum, 
and hence the destructive interference of the induced Raman 
gain is at a maximum by virtue of their respective 180 degree 
phase difference and the additional phase adjustment 
imparted by the phase adjustors 407. HoWever, those of skill 
in the art Will appreciate that non-sequential Wavelengths may 
also be used so long as a suf?cient amount of Raman induced 
impairment is removed. In one implementation, the Wave 
lengths may also be at or near a Zero dispersion Wavelength of 
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the transmission path. HoWever, the Wavelengths may also be 
located aWay from the Zero dispersion Wavelength of the 
transmission path. 
[0033] The lasers 410 transmit through a corresponding 
optical ?ber 412, respectively, to an optical multiplexer 413 
Which multiplexes }\.1-}\.4 onto optical ?ber 414. In one imple 
mentation, optical multiplexer 413 is a phase balanced mul 
tiplexer and optical ?bers 412 are made of appropriate respec 
tive lengths so that the relative optical phase betWeen the 
adjacent channels is (e. g. remains) 180 degrees plus the addi 
tional phase adjustment imparted by the phase adjustors 407 
When they are on optical ?ber 414. 

[0034] In a preferred implementation, the launch poWer (or 
amplitude) of the optical channels is substantially equal. 
HoWever, an amplitude adjuster may be provided for adjust 
ing the relative amplitudes of each laser (i.e. the optical signal 
output level generated by each of the lasers), or the optical 
modulation index of each laser. In addition, While FIG. 5a 
shoWs a modulator block separate from the laser block, those 
of skill in the art Will appreciate that this arrangement is only 
for discussion purposes and that a directly modulated laser 
(DM) typically includes a modulation process internal to the 
laser Which imposes the modulation on the formed optical 
Wave emitted. Those of skill in the art Will also appreciate that 
the techniques described herein can be applied to external 
modulators as Well, in Which the optical Wave is typically 
modulated after being emitted form the laser. 

[0035] FIG. 5B shoWs one alternative example of the trans 
mitter system shoWn in FIG. 5A. In FIGS. 5A and 5B, like 
elements are denoted by like reference numerals. In FIG. 5B 
the phase adjustors 407 are situated in the optical path 
betWeen the modulators 408 and multiplexer 413. In this 
implementation the phase adjustor 407 may be an optical 
delay line (e.g., ?ber) or any other suitable optical phase 
shifter. More generally, the overall phase adjustment can be 
achieved by a combination of electrical and optical phase 
shifting elements. As previously noted in connection With 
FIG. 5a, in general the phase adjusters may be situated at any 
point in the transmitter prior to the multiplexer 413 or distrib 
uted at multiple points Within the transmitter prior to the 
multiplexer 413. 
[0036] The folloWing equations explain the process of 
eliminating the undesired Raman induced crosstalk and CS0 
distortions (collectively referred to as Raman induced impair 
ments) utiliZing the destructive interference. Under consider 
ation here is the elimination of the deleterious Raman inter 
action effects upon the common broadcast information that is 
imparted on every optical signal in the system. The modulat 
ing information is represented by fl-(t) and f;-(t) in (2b). These 
modulation terms can be further decomposed into a common 
broadcast component and unique narroWcast components. 
[0037] For explanation purposes, the signal Wave poWer 
(P1) of an optical Wave in a system With multiple transmitters 
is given by the folloWing equation, CS0 is the composite 
second order; CTB is the composite triple beat; L is the length 
of ?ber; G is the Raman gain coef?cient; Lefis the effective 
length in the ?ber at the pump Wavelength, 0t is the poWer 
attenuation factor in the ?ber at the signal Wavelength, 5L is 
the running average probability of ?nding the tWo signals in 
the same state of polarization, n,- and are the indices of 
refraction at the respective Wavelengths, Gl-J is the absolute 
Raman gain. De?ne the simple function Hl-J as: 
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[0038] The summations in (2a) are over the parameters of 
the “n” transmitters in the system. It is important to note that 
the above equations are to be interpreted as being in the 
optical domain. Therefore the poWers in these equations, 
including the distortions (CSOi, CSOj, CTBi, and CTBj) are 
optical poWers and not electrical (or RF) poWer levels. 
[0039] It is the speci?c purpose of this invention to elimi 
nate through the use of destructive interference the deleteri 
ous effects of the Raman induced RF subcarrier crosstalk and 
CS0 distortions. These are respectively represented by the 
second term in the second line of (2a) and the third term in the 
third line of (2a). That is, We seek solutions to the folloWing 
equations along With the method and apparatus to physically 
realiZe the solutions: 

[0040] In (3a) f Bc(t) represents the common broadcast 
information imparted upon all of the optical signals. Since the 
broadcast information is identical on all of the optical signals 
it does not depend upon the particular signal and hence has no 
indices associated With it. The broadcast information is 
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highly correlated from one optical signal to any other. The 
broadcast information represents the coherent portion of the 
modulating information With respect to correlations from one 
optical signal to any other optical signal in the system. 

[0041] The terms fNCl-(t) and fNCJ-(t) represent unique nar 
roWcast information modulating either the ith or jth optical 
transmitters respectively, in general these terms are not equal 
to one another and have no correlation to one another. The 
narroWcast information represents the incoherent portion of 
the modulating information With respect to correlations from 
one optical signal to any other optical signal in the system. 
[0042] In the preferred implementation a phase shift 0,- can 
be imposed onto the composite broadcast modulation applied 
to the ith transmitter and a phase shift 0Z-Z can be imposed upon 
the composite narroWcast modulation applied to the ith trans 
mitter. These phase shifts can be accomplished by means of a 
broadband phase shifter such as a transformer based all pass 
?lter that has a constant phase shift across the modulation 
frequency band of interest. The composite modulation signals 
feeding each transmitter may be run though broadband phase 
shifters speci?cally tailored for each laser With a speci?ed 
phase. 
[0043] With such phase shifts applied (3a) becomes: 

[0044] Substituting (3b) into (2b): 

[0045] Dividing out the common terms in (4) and ignoring 
the phase difference betWeen distortion beats for simplicity 
leaves: 

0 = (53) 

[0046] Both lines of (5a) are identical meaning that the 
methodology employed to eliminate the Raman induced 
crosstalk Will also eliminate the Raman induced CSO distor 
tions. We need noW only be concerned With one line in (5a): 
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[0047] The ?rst summation in (5b) represents the coherent 
broadcast components of the optical signals’ modulations and 
the second summation represents the incoherent narroWcast 
components of the optical signal’s modulations. Also in rec 
ognition of the fact that the broadcast and narroWcast optical 
modulation indices may be different, the OMl’s in the tWo 
summations are noW distinguished respectively as mBCj and 
mNCj. Taking the Fourier transform of (5b) gives the fre 
quency domain representation of the equation: 

[0048] Where FBC((1)) and FNCl-(uu) are the respective fre 
quency domain representations of the broadcast and narroW 
cast modulating information. In all cases the frequency spec 
trum occupied by the broadcast modulation is different from 
and exclusive of the frequency spectrum occupied by the 
narroWcast modulation information therefore each summa 
tion in (6) can separately be set to Zero giving: 

[0049] The ?rst equation in (7) is the equation that 
describes the elimination of the Raman induced crosstalk and 
CS0 on the coherent broadcast signals. The second equation 
relates to elimination of the Raman induced crosstalk and 
CS0 on the incoherent narroWcast signal. HoWever, those of 
skill in the art Will appreciate that the incoherent narroWcast 
information is typically a digital format modulation such as 
quadrature amplitude modulation (QAM) Which is more 
robust in the face of Raman induced crosstalk and CS0. 
Hence, as the narroWcast signals are already relatively resis 
tant to degradation from Raman induced crosstalk and CS0, 
reducing the Raman induced crosstalk and CS0 in the broad 
cast signals provides the most bene?t. Therefore, in the 
remainder of this application the focus Will be on explaining 
the conditions that eliminate the Raman induced distortions 
on the coherent broadcast modulation spectrum. 

[0050] The coherent broadcast spectrum may consist of 
analog modulation (intensity modulation) and/or digital type 
modulation (QAM). The important quality is that the exact 
same broadcast modulation information is imparted upon 
every optical signal in the system. 

Dec. 17, 2009 

[0051] Placing the criteria for eliminating the Raman 
induced crosstalk and CS0 falling Within the broadcast 
modulation spectrum in matrix form, We have, from the ?rst 
line of equation 7: 

[0052] Suppose that the optical Wavelengths are arranged 
such that 7» 1 <}\,2 . . . <}\.,,,_ 1 <}\,n then the matrix can be Written as: 

(191) 
O O —51,2r2,1 —81,3r3,1 - —slynrnyl ‘3 mBClP01 (9) 

0 r24 0 _5213r3,2 "' _‘92,nrn,2 e?gvmsczPm 

O : r3’l r32 0 ' _53.nrn.3 e("93)mBc3 P03 

0 mil rn'z rn’3 m 0 €(l-Qn)mBCn POn 

[0053] Where the Raman interaction matrix elements are 
Written as 

if :1 (10) 
i 

[0054] To understand the basic principle of operation of the 
Raman distortion destructive interference method consider 
the simpli?ed case in Which all of the launch poWers are equal 
to one another, all of the broadcast OMl’s are equal to one 
another, and the el-J- factors are taken to be unity. With these 
simpli?cations (9) reduces to: 

[0055] We may further simplify (l l) by making the ideal 
assumption, (Which is only appropriate for illustrative pur 
poses) that all of the rl-J have the same magnitude. With this 
great simpli?cation (l 1) reduces to: 

0 0 -1 -1 -1 EH91) (12) 

0 1 0 -1 -1 W2’ 

0 = 1 1 0 -1 @193) 

O l l l 0 Que”) 
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[0056] Taking note of the following: the magnitudes of the 
complex phase exponentials are all unity, for a system With n 
optical signals there are n-l nonZero elements in every roW of 
the n><n Raman crosstalk interaction matrix. Therefore, in a 
system using these assumptions, by making n odd so that n-l 
is even the contributions of every signal in every roW of (12) 
can be cancelled out in pairs. We may also arrange the system 
so that the terms in the last roW cancel out in pairs by assign 
ing alternating phases as folloWs to the n (odd) Wavelengths of 
the system: 

01:01, efelnso, 03:01 . . . 0,1,1 

[0057] The preferred implementation, and perhaps the sim 
plest scheme, is to let 01:0 (assuming 01:0 Would not lose 
generality, although for most cases 09:0 and 01 may be a 
function of the modulation signal frequency) then the phases 
assigned to the n Wavelengths alternate betWeen 0 and 180 
degrees (at radians): 

01,1s02,03,1s04,05,1s06,...,0n (13b) 

[0058] If the simpli?ed system (12) is restricted to have an 
odd number of Wavelengths, then each roW of the n><n Raman 
crosstalk interaction matrix contains an even number of non 

Zero elements and if the phases are arranged as in (13b) every 
equation represented by (12) reduces to the summation of an 
alternating series of +1 and —1 Which adds exactly to Zero. 

[0059] In a particular implementation of the invention, 
Which may not be simply represented by equation (9) because 
of ?ber dispersion, uneven Raman gain and ?ber attenuation 
at various optical Wavelengths, the ideal cancellation condi 
tion is more dif?cult to meet. The deviations from the ideal 
case become more pronounced as the channel Wavelength 
spacing becomes larger. The various terms in the n><n Raman 
crosstalk interaction matrix may not be as simple as expressed 
in (2a). Equation (2a), (omitting the third order distortion 
terms), may need to be changed to 
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-continued 

is the effective length of the channel j referencing to channel 
i, u) is the RF frequency, d7j is the group velocity mismatch and 
01-J- is the phase caused by Raman crosstalk betWeen the i and 
j channels. Again, if only Raman crosstalk and CS0 are 
considered, Raman crosstalk and CS0 can be Written as 

Fl 

[0060] As indicated in the above tWo equations, the gain, 
?ber attenuation, Raman crosstalk phase, and the effective 
length are all dependent on the channel Wavelength assign 
ment. Unlike the ideal case, the conditions necessary to can 

cel the total crosstalk and CS0 distortion may be hard to 
achieve. This may be true even for an odd number of optical 

channels. HoWever, When the channel spacing become 
smaller, the ideal condition necessary to achieve cancellation 
is approached. In other Words, total crosstalk and CS0 dis 
tortion cancellation is easier to achieve for a system With 
closely spaced channels, but more dif?cult to achieve for a 
system With Widely spaced channels. 
[0061] For a system With an even number of optical chan 
nels, the total cancellation in Raman crosstalk and CS0 dis 
tortion may not be possible even if ?ber dispersion effects are 
ignored and the Raman gain and ?ber attenuation are 
assumed to be equal across the Wavelengths. 

[0062] For a non ideal system, Where the channel spacing is 
Wide or the number of channels is even, We may, balance the 
overall inequities in each equation representing the interact 
ing Raman components by adjusting the launch poWer levels, 
OMI values, phase settings and channel Wavelength assign 
ment for each optical signal in the system so that every equa 
tion results in a minimum net sum. Hence, the Raman induced 
crosstalk and CS0 distortions in the broadcast modulation 
spectra is nevertheless minimized, if not totally eliminated, 
on every Wavelength in the system. Accordingly, the design 
goal is to ?nd solutions to minQiTALKRAMAN) and min(C 
SORAMAN). If We keep the optical launch poWer and the signal 
OMI the same for all the optical channels, We may adjust the 
phase of at least one optical channel to achieve the design 
goal. The design goal With the adjusted phase can be 
described as 
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Where 6)]- is the phase term added to the channel j, Which may 
be a constant or a function of (n. 

[0063] FIGS. 6A-6D shows an illustrative example based 
on a three Wavelength system in Which all of the launch 
poWers are equal to one another and all of the broadcast 
OMI’s are equal to one another. Furthermore, the phase rela 
tionship of (13b) is applied to the system. That is, as shoWn in 
FIG. 6A, one Wavelength is 180 degrees out of phase With 
respect to the other tWo Wavelengths. In this system the 
Raman gain is not a constant because the gain is larger for 
larger Wavelength/channel spacings, Which, as previously 
discussed, is an inherent result of the Raman gain process. 
Suppose Wavelengths in the system folloWs kl<7tz<7t3, We 
have Gl2:—G32<Gl3 or —G2l:G23<—G31 
[0064] The signals S1, S2 and S3, are of equal magnitude 
but S1 and S3 have a phase of 0 degrees. The signal S2 is 
selected to be 180 degrees out of phase With respect to the ?rst 
tWo signals. The signals are represented, for simplicity, by 
vectors along the real axis on the complex plane Argand 
diagram. FIG. 6A shoWs the relative (phase) orientation of the 
signals With respect to one another Without any additional 
phase adjustments. FIG. 6B diagrammatically illustrates hoW 
the signals interact With one another through the Raman pro 
cess, also before introducing any additional phase adjust 
ments to signals S1 and S3. FIG. 6C shoWs the relative 
(phase) orientation When an additional phase adjustment is 
imparted above and beyond the previously established phase 
relationship illustrated in FIG. 6A. FIG. 6D diagrammatically 
illustrates hoW the signals interact With one another through 
the Raman process after introducing the additional phase to 
signals S1 and S3. It is seen that With the added phase adjust 
ment the residual Raman crosstalk changes so that it is 90 
degrees out of phase from the original signal(s). The degra 
dation is therefore reduced by a poWer summation instead of 
by amplitude summation. This simple example is presented 
for illustrative purposes only. The actual interaction betWeen 
Raman crosstalk and CS0 beats due to phase shifting and 
phase adjustments can be much more complex. 
[0065] In every case the Raman impairments can be either 
eliminated or substantially reduced from the common (coher 
ent) broadcast modulation being transmitted on every Wave 
length in the system by ensuring that adjacent signals are out 
of phase With one another and then imparting some additional 
phase adjustment as described above. We can, of course, 
achieve further reductions in the Raman impairment by 
adjusting the optical channel launch poWer, optical modula 
tion index, the light polariZation etc. It should also be noted 
that the technique as explained above can be used in both 
CWDM and DWDM systems and therefore may be used 
more generally in any WDM system. 
[0066] For DWDM systems, it is generally easier to achieve 
the ideal cancellation conditions When there are an odd num 
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ber of Wavelengths. It should also be noted that in the example 
of FIG. 6, had four or six total optical signals been used 
instead of three Wavelengths then, in turn, either three or ?ve 
Wavelengths Would have been interacting With one another by 
means of the Raman process to create impairments on the 
fourth or sixth Wavelengths in each roW of the corresponding 
matrix equations. The techniques described herein further 
reduce the Raman impairment above and beyond the reduc 
tion that can be achieved simply by ensuring that adjacent 
signals are out of phase With one another. Accordingly, the 
techniques described herein can be used to reduce Raman 
impairments When there are an even number of optical Wave 
lengths. In addition, these techniques can also provide further 
reductions in the Raman impairment of a system When there 
are an odd number of Wavelengths even Without the use of 
other optical parameter adjustment techniques, such as polar 
iZation alignment, OMI adjustment, and poWer adjustment. 
HoWever, those of skill in the art Will appreciate that in certain 
implementations the removal of Raman induced impairments 
may be further optimiZed by performing one or more of the 
other optical parameter adjustment techniques as Well. 
[0067] As previously mentioned, Raman induced impair 
ments can be particularly acute When the channels are located 
at Wavelengths near the Zero dispersion Wavelength of the 
transmission medium because the optical channels largely 
maintain their relative phases at these Wavelengths. For the 
same reason, the aforementioned technique in Which some of 
the channels are arranged to be out of phase With respect to 
other channels Will be most effective When the channels are 
located near the Zero dispersion Wavelength of the transmis 
sion path. For instance, for channels operating in the 1310 nm 
WindoW (typically de?ned as the Waveband betWeen about 
1270 nm and 1370 nm), a commonly employed single mode 
optical ?ber is the SMF-28TM ?ber, available from Corning, 
Incorporated. The SMF-28 ?ber has a Zero dispersion Wave 
length at or near 1310 nm. Accordingly, if this transmission 
?ber is employed, Raman crosstalk can be most effectively 
reduced for optical channels having Wavelengths in the vicin 
ity of 1310 nm. Similarly, for optical Wavelengths operating 
in the C-band (Wavelengths betWeen about 1525 to 1565 nm), 
a commonly available optical ?ber is Coming’s LeafT M ?ber, 
Which has a Zero dispersion Wavelength near 1500 nm. For the 
LeafT M ?ber, the Raman crosstalk can be more effectively 
reduced for channels having Wavelengths in the vicinity of 
1500 nm than for channels in the vicinity of 1525 nm or 1565 
nm. If, on the other hand, the optical Wavelengths operate in 
the L-band (Wavelengths betWeen about 1565 to 1625 nm), a 
commonly available optical ?ber is Corning’s Leaf.RTM ?ber, 
Which has a Zero dispersion Wavelength near 15 90 nm. For the 
Leaf.RTM ?ber, the Raman crosstalk can be more effectively 
reduced for channels having Wavelengths in the vicinity of 
1590 nm than for channels in the vicinity of 1565 nm or 1625 
nm. In the case Where optical Wavelengths in a WDM system 
are remote from the Zero dispersion Wavelength, closer Wave 
length spacing betWeen WDM channels may be required or 
link length may be limited (or limited to a short span of a long 
?ber) in order to maintain the relative phase betWeen channels 
and therefore the effectiveness of this technique. 
[0068] FIG. 7 is a ?owchart shoWing just one example of 
the method performed by the transmitter arrangement 
depicted in FIG. 5. The method begins in step 505 by receiv 
ing multiple information-bearing electrical signals that all 
embody the same broadcast information. The electrical sig 
nals may, for example, embody audio and/or video broadcast 
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programming, and may be analog or digital modulation for 
mats, hereafter collectively referred to as “broadcast signals”. 
Next, in step 507, the broadcast signals are phase shifted so 
that every other broadcast signal has a 180 degree phase shift 
from its adjacent broadcast signals, e.g. each odd broadcast 
signal is phase shifted by 180 degrees (As previously noted, 
more generally, any arbitrary subset of the broadcast signals 
may be phase shifted With respect to the remaining channels. 
Additionally this methodology is applicable to either the 
entire broadcast band or any selected subsets of the broadcast 
band). Then, the phase shifted broadcast signals are further 
phase adjusted in step 508. The broadcast signals, along With 
narroWcast signals, are modulated onto an optical channel, in 
step 509. Those of skill in the art Will appreciate that the 
signals may be modulated on the optical channel by a direct 
modulation technique in Which the laser source is modulated 
to impose the signals on the laser internally. Alternatively, an 
external modulation technique may be used in Which the laser 
is modulated external to the laser source, i.e. after the optical 
channel is produced by the laser source. In either form of 
modulation, the phase of the optical channels are preferably 
further controlled in step 512 to ensure that the optical chan 
nels retain their respective phase shifts assigned in steps 507 
and 508 so that the intended phase assignment of each Wave 
length is maintained When they are combined on the same 
optical ?ber. Also in the preferred implementation, the Wave 
lengths of the optical channels are sequential Wavelengths in 
the ITU grid or in some other speci?ed Wavelength arrange 
ment, such as from shortest to longest Wavelengths. The opti 
cal channels are multiplexed on the same ?ber in step 520, 
preferably using a phase balanced multiplexer, to form a 
WDM optical signal. Those of skill in the art Will appreciate 
that the system may use any suitable multiplexing technique 
including CWDM and DWDM. 
[0069] In addition to reducing crosstalk that arises from 
Raman interactions, the methods and techniques described 
herein can also mitigate and even eliminate the affects of 
distortion that arise from Raman interactions, particularly 
second order distortion, Which is knoWn to be especially 
serious for analog signals. While analog channels are most 
vulnerable to such distortion, digital channels are also 
impacted and thus the methods and techniques described 
herein can reduce Raman distortion arising in both analog and 
digital signals. 
[0070] The transmitter arrangement described above can be 
advantageously used in any optical netWork in Which a broad 
cast signal is multiplexed onto multiple optical Wavelengths 
or channels. Such netWorks include, Without limitation, vari 
ous all-optical netWorks, hybrid ?ber-coax (HFC) netWorks 
and netWorks utiliZing a passive architecture, Which are often 
referred to as Passive Optical NetWorks (PONs). In typical 
HFC architectures, the broadcast signal is split at optical hubs 
and then sent to different nodes together With narroWcast 
signals. 
[0071] A method and apparatus have been described for 
reducing the Raman induced crosstalk and distortion impair 
ments that arise Within the individual channels of a WDM 
optical communication system. These Raman induced 
impairments are particularly severe among channels that are 
located near the Zero dispersion Wavelength of the transmis 
sion medium or among closely spaced optical channels in 
Which the dispersion differences amongst the optical chan 
nels are relatively small. The method and apparatus are par 
ticularly suitable When the individual channels support 
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broadcast signals carrying the same information, Which are 
sometimes transmitted over a transmission netWork such as 
an HFC or PON netWork. 

1. A method of transmitting a WDM optical signal com 
prising the steps of: 

modulating a plurality of optical channels that are each 
located at a different Wavelength from one another With 
a respective one of a plurality of information-bearing 
broadcast signals that all embody the same broadcast 
information, at least one of the broadcast signals being 
out of phase With respect to remaining ones of the plu 
rality of broadcast signals; 

applying a phase adjustment to one or more of the broad 
cast signals or one or more of the optical channels; 

multiplexing each of the optical channels to form a WDM 
optical signal; and 

forWarding the WDM optical signal onto an optical trans 
mission path. 

2. The method of claim 1, Wherein the modulating further 
comprises applying a phase shift of 180 degrees to said at 
least one of the plurality of broadcast signals relative to the 
remaining ones of the plurality of broadcast signals. 

3. The method of claim 1, Wherein the plurality of optical 
channels is an even or odd number of optical channels. 

4. The method of claim 1, Wherein the modulating further 
comprises applying a phase shift of 180 degrees to selected 
ones of the plurality of broadcast signals so that the optical 
channels modulated thereby have contributions to Raman 
induced impairments at a selected one of the optical channels 
that are diminished by contributions to Raman induced 
impairments from optical channels that do not undergo a 
phase shift. 

5. The method of claim 1, Wherein the phase adjustment 
further comprises applying a phase adjustment to selected 
ones of the plurality of broadcast signals so that the optical 
channels modulated thereby have contributions to Raman 
induced impairments at a selected one of the optical channels 
that are diminished by contributions to Raman induced 
impairments from remaining ones of the optical channels. 

6. The method of claim 1, Wherein the phase adjustment 
further comprises applying an electrical phase adjustment to 
the one or more broadcast signals. 

7. The method of claim 1, Wherein the phase adjustment 
further comprises applying an optical phase adjustment to the 
one or more optical channels. 

8. The method of claim 1, Wherein the step of modulating 
a plurality of optical channels further includes combining a 
narroWcast signal With each broadcast signal prior to modu 
lating. 

9. The method of claim 1, Wherein the Raman induced 
impairments are reduced Without use of other optical param 
eter adjustment techniques. 

10. The method of claim 1, Wherein the modulating further 
comprises: 

phase shifting of at least one of the plurality of broadcast 
signals that all embody the same information, Wherein 
the phase shifted broadcast signal(s) and remaining ones 
of the signals modulate optical channels at different 
optical Wavelengths, respectively, such that Raman 
crosstalk and distortions are reduced at an optical chan 
nel that is at a predetermined optical Wavelength; and 
Wherein the phase adjusting further comprises phase 
adjusting at least one of the plurality of broadcast sig 
nals, Wherein the phase shifted broadcast signal(s) and 
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the phase adjusted signals modulate optical channels at 
different optical Wavelengths, respectively, such that 
Raman crosstalk and distortions are further reduced at 
the predetermined optical Wavelength. 

11. The method of claim 10 Wherein the phase-shifted 
broadcast signal and the phase adjusted broadcast signal are 
different broadcast signals. 

12. The method of claim 10 Wherein the phase-shifted 
broadcast signal and the phase adjusted broadcast signal are 
the same broadcast signal. 

13. The method of claim 1, Wherein the Wavelengths are 
sequential Wavelengths. 

14. The method of claim 1, Wherein the Wavelengths are 
non-sequential Wavelengths. 

15. The method of claim 1, further comprising equalizing 
optical and/or electrical paths traversed by information sig 
nals that modulate the optical channels so that the phase 
adjustment is maintained on the optical transmission path. 

16. The method of claim 1, further comprising maintaining 
a phase relationship among the modulated optical channels 
When the modulated optical channels are forWarded onto the 
optical transmission path. 

17. The method of claim 1, Wherein the step of modulating 
a plurality of optical channels includes directly modulating a 
laser transmitter With the broadcast signals and narroWcast 
signals. 

18. The method of claim 10, Wherein the step of modulat 
ing a plurality of optical channels includes externally modu 
lating a laser transmitter With the broadcast signals and nar 
roWcast signals. 

19. The method of claim 1, Wherein the optical channels are 
located at Wavelengths at or near a Zero dispersion Wave 
length of the transmission path. 

20. The method of claim 19, Where the optical channels are 
CWDM or DWDM signals. 

21. The method of claim 1, Where the optical channels are 
closely spaced at nonZero dispersion Wavelengths of the 
transmission path. 

22. The method of claim 1, Where the optical channels are 
Widely spaced at nonZero dispersion Wavelengths of the trans 
mission path. 

23. A WDM optical transmitter comprising: 
a plurality of optical sources for generating optical chan 

nels located at different Wavelengths; 
a plurality of modulators each having an input for receiving 

a respective one of a plurality of information-bearing 
broadcast signals that all embody the same broadcast 
information, each modulator being associated With a 
respective one of the plurality of optical sources to 
thereby provide a plurality of modulated optical chan 
nels; 

at least one phase shifter for establishing an out-of-phase 
relationship betWeen at least one of the plurality of 
broadcast signals and remaining ones of the plurality of 
broadcast signals such that Raman impairments are 
reduced; 
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a phase adjustor for causing adjustment of a phase of at 
least one of the plurality of modulated optical channels 
so that Raman impairments are further reduced; and 

a multiplexer coupled to the plurality of optical sources to 
receive and combine the modulated optical channels to 
produce a multiplexed optical signal. 

24. The WDM optical transmitter of claim 23 Wherein the 
phase adjuster is an electrical phase adjuster for adjusting a 
phase of at least one of the plurality of broadcast signals. 

25. The WDM optical transmitter of claim 23 Wherein the 
phase adjuster is an optical phase adjuster for adjusting a 
phase of at least one of the plurality of modulated optical 
channels. 

26. The WDM optical transmitter of claim 23, Wherein the 
phase shifter is con?gured to apply a phase shift of 180 
degrees to said at least one of the plurality of broadcast signals 
relative to the remaining ones of the plurality of broadcast 
signals. 

27. The WDM optical transmitter of claim 23, Wherein the 
Raman induced impairments are reduced Without use of other 
optical parameter adjustment techniques. 

28. The WDM optical transmitter of claim 23, Wherein the 
phase shifter is con?gured to shift a phase of a ?rst broadcast 
signal With respect to a second broadcast signal, Wherein the 
?rst and second broadcast signals modulate optical channels 
at ?rst and second optical Wavelengths, respectively, such that 
Raman induced crosstalk and induced distortions are reduced 
at a third optical channel. 

29. The WDM optical transmitter of claim 23, Wherein the 
optical channels are located at Wavelengths at or near a Zero 
dispersion Wavelength of an optical transmission path into 
Which the optical signal is to be transmitted. 

30. The WDM optical transmitter of claim 23, Wherein the 
plurality of optical modulators are con?gured to receive nar 
roWcast signals Which are combined With each broadcast 
signal prior to modulating. 

31. The WDM optical transmitter of claim 23, further 
including a phase controlling element Which equaliZes the 
paths of the modulated optical channels so that a pre-assigned 
phase relationship betWeen optical channels is maintained at 
an output of the multiplexer. 

32. The WDM optical transmitter of claim 23, Wherein the 
plurality of modulators include modulators Which directly or 
externally modulate a laser transmitter With the broadcast 
signals and narroWcast signals on an optical channel. 

33. The WDM optical transmitter of claim 23, Wherein the 
optical channels are located at Wavelengths at or near a Zero 
dispersion Wavelength of the transmission path. 

34. The WDM optical transmitter of claim 23, Where the 
optical channels are located at nonZero dispersion Wave 
lengths of the transmission path. 

35. The WDM optical transmitter of claim 23, Where the 
optical channels are at nonZero dispersion Wavelengths of the 
transmission path. 


